Knowing the mechanical characteristics of organs during surgery ensures effective diagnosis and treatment. A surgeonʼs hand can sense the characteristics of organs in open abdominal or chest surgery. However, this sensing ability is reduced in endoscopic surgery, and it is completely lacking in robot-assisted endoscopic surgery. A surgical manipulator with a sensing function should have an autoclavable mechanism, and should be simple to control. In this paper, we propose a method of measuring elasticity using the step-out phenomenon of a stepper motor. Prototype devices were constructed and tested on silicone rubber test pieces and on organs both in vitro and in vivo.The devices were then calibrated using a material testing machine. Elasticity was defined in terms of the Youngʼs modulus E or the spring constant K, which was calculated based on the force applied by the motor, the length of the arm attached to it, and the angular displacement of the arm when step-out occurred. Three different prototype devices were constructed to evaluate the effectiveness of the proposed method. All devices consisted of a stepper motor, a rotary encoder, and an arm. To measure silicone rubber objects, the arm was a simple bar. To measure organs in vitro, a bevel-geared jaw was used, and to measure organs in vivo, a long linkage-type forceps was employed. Each prototype had a resolution of approximately 1 μm. The elasticity values determined using these devices were compared with those measured using a material testing machine. For silicone rubber objects and organs in vitro, a good correlation was found between the elasticity values determined using the prototype devices and the material testing machine. In the in vivo experiment, the prototype device was capable of distinguishing differences between organs. This paper demonstrates the possibility of replacing a force sensor by using the proposed stepper motor-based method for measuring organ properties.
Introduction
Tactile sense is a necessary element in determining an organʼs condition during surgery. Knowing the mechanical characteristics of the organ ensures effective diagnosis and treatment. A surgeonʼs hand can sense these characteristics in an open abdominal or chest surgery.
However, the sensing ability is reduced in endoscopic surgery due to the long forceps, and it is completely lacking in robotic-assisted surgery because of the unilateral master slave control. Our goal is to develop a surgery support manipulator that is capable of measuring the mechanical characteristics of internal organs during endoscopic surgery.
Many methods have been developed for sensing the gripping force applied to an organ or the mechanical characteristics of the organ. A strain gaugez1|is a simple measurement device and is easy to use ; however, it cannot be sterilized by autoclaving because it contains electrical components. Other approaches include a volume controllable pressure sensing balloon z2|, detection of Moiré fringesz3|and a pneumatic actuatorz4|. However, these methods require dedicated sensing systems, mechanisms or actuators. Bilateral master-slave manipulators have been reported z5, 6|, which can be separated into autoclavable mechanical parts and electrical parts. However, it is difficult to achieve simple control of such devices because of the DC motor and the encoder for the master arm. Although an external force applied to a DC motor can be detected by a change in electrical current, noise reduction is required because the analog signal is extremely weak. A surgical manipulator with a sensing function should have a simple and autoclavable mechanism, and should be easy to control. In our design concept, we considered that it is necessary for a simple surgical manipulator to have an autoclavable tool mechanism and a feed-forward control system.
To this end, we propose a method of measuring elasticity using the step-out phenomenon of a stepper motor. This method leads to a simple and autoclavable tool that can be operated under feed-forward control. A stepper motor has a stator and a rotor, each with gear-like teeth along their peripheries. It turns by a specific angle as the current flowing into the stator coils is sequentially switched. The basic stepping angle is the amount of rotation per electrical pulse, and is determined by the number of phases and rotor teeth that the stepper motor has. For a 5-phase stepper motor with 50 teeth, this angle is 0.72 deg and the positioning accuracy is ± 0.05 deg. A stepper motor generates torque due to the interaction between the magnetic flux of the permanent magnet in the rotor and the current in the stator. When a 5-phase stepper motor is operated in half-step mode, which corresponds to a 4/5-phase excitation mode, the torque varies by 5％. Micro-step drive is a drive mode that achieves both high resolution and low vibration by finely dividing the current to the individual coils of the stepper motor, thereby allowing the magnetic flux of the stator to change smoothly. The ripples of composite torque generated during the operation are suppressed due to the smaller stepping angle. The speed-torque characteristics of a stepper motor are determined by the type of motor and the attached driver. To obtain the maximum torque for each speed, the load torque is gradually increased and the torque at which the motor stops is measured. When the load torque exceeds the maximum torque, the stepper motor can no longer turn in accordance to the signal pulses and therefore stops z7|. This phenomenon is referred to as step-out, and is constant for a given stepper motor operating under fixed conditions. In the present study, step-out is used to determine the elasticity of an object. The load torque for the object is obtained from the maximum motor torque at a given speed. The angular displacement when step-out occurs is then used to calculate the elasticity.
When the force applied by the motor and the reaction force due to the object are equal, synchronism between the rotor speed and the stator excitation speed is lost. The elasticity of an object can then be calculated from the force applied by the motor and the displacement of the object when step-out occurs. We previously developed a measurement model based on Newtonʼ s equation, constructed a prototype sensor device, calibrated it using an extension coil spring, and then applied it to measure organs in vitroz8, 9|. We also developed another model based on material strength, constructed two prototype devices, and used them to measure the elasticity of silicone rubber test pieces and organs in vitro. We then compared the results to those obtained using a testing machinez10|.
In the present study, the material strength model was again used to determine the elasticity of objects. An additional long-axis prototype device was constructed and used to perform in vitro and in vivo measurements. All three prototype devices were calibrated using a material testing machine.
Methods

Elasticity measurement model
In the proposed model, the elasticity of an object is defined as its Youngʼs modulus E or its spring constant K, which is calculated as described below. The method of measuring the stress and strain for a test object is shown in Fig. 1 . Although a shearing force is generated in the object, it can be ignored because of the minute displacement angle.
When the force applied by the stepper motor and the reaction force due to the test piece are equal, a state of static equilibrium exists. At this point, the tangential force F applied by the motor to the test piece is calculated from the motor torque T and the arm length L using F=T/L. The torque T is taken to be the maximum value determined from the speed-torque characteristic curve, for the speeds at which the motor was operated. This curve is either measured experimentally or is given in the manufacturerʼs data sheet. The compressive force P in the vertical direction is calculated from the angular displacement dθ of the rotating arm using P=F cos dθ. Here, dθ is the angle that the arm has rotated when step-out occurs, measured at the contact point. The compressive stress σ is finally determined using the cross-sectional area A of the test piece as :
σ=P/A=T cos dθ/LA.
( 1 ) The tangential displacement dx of the test piece when step-out occurs is given by L sin dθ, which can be approximated as Ldθ. The linear displacement dl in the vertical direction is calculated using dl=dx cos dθ. The compressive strain ε is finally determined from the height l of the test piece as :
ε=dl/l ≒ L dθ cos dθ/l.
( 2 ) By following these steps, the model-based Youngʼ s modulus (Em) is determined from the stress σ and the strain ε when step-out occurs using :
Em=σ/ε=F l/LA dθ.
( 3 ) The elasticity of the organ determined using the proposed model is redefined as the spring constant K because the organ was a mass. The model-based spring constant (Km) is determined from the compressive force Toshikazu KAWAI, et al : Measuring Elasticity using a Stepper Motor （15） Fig. 1 Method of measuring stress and strain of an object using the step-out phenomenon of a stepper motor.
P in the vertical direction and the linear displacement dl in the vertical direction using : Km=P/dl=F/L dθ.
( 4 ) The stress-strain curve for an organ exhibits nonlinear characteristics, as shown in Fig. 2 . Therefore, the true Youngʼ s modulus is taken to be the instantaneous slope (tangential stiffness) of the stress vs. strain curve, and the spring constant to be the force vs. displacement curve. The model-based elasticity is determined by assuming a linear displacement until step-out occurs. It should be noted, however, that the measured characteristics of an organ are affected by viscosity because of the compressive speed of the motor. The model-based elasticity is therefore expected to be smaller than the true elasticity, but hopefully the differences between organs would be identifiable. The tangential speed v at the tip of the arm is calculated from the stepping angle of the motor α and the motor speed f using v=Lαf. The compressive speed is given by v cos dθ, which can be approximated as v because of the minute displacement angle. To avoid damaging the organ, the force applied to the organ is maintained below 2.5 N because the gripping force applied to organs during surgery has been reported to approximate 5 N z11| . Therefore, a suitable arm length has to be chosen to limit the applied force.
Prototype devices and experimental setup
We constructed three prototype devices to verify the measurement model. As shown in Fig. 3a , the first device had a simple directly driven bar and was used to measure the Youngʼ s modulus of silicone rubber with different degrees of hardness. The second device, shown in Fig. 3b , had a bevel-geared gripper and was used to carry out in vitro measurements of the spring constant of viscoelastic organs. The third device, shown in Fig. 3c , was designed to measure the spring constant of organs during endoscopic surgery. It had a long linkage-type forceps for in vivo measurement of organs.
All the devices consisted of a stepper motor, an arm, and a rotary encoder. The mechanical stepping angle of the motor was 0.72 deg/step, which was further divided into 2.88 × 10 −3 deg/step by multi-phase excitation of stator coils. The motor torque and arm shape best suited for each object were chosen. The resolution of the rotary encoder (MES-30-5000PST16, Microtech Laboratory Inc.) was 1.125 × 10 −3 deg/pulse, obtained using a multiplication factor of four.
Directly driven bar
This device consisted of a stepper motor (maximum torque : 33 N mm, CFK523BP2, Oriental Motor Co., Ltd.), a bar (length : 15 mm), and a rotary encoder. The device measured 136 mm × 55 mm × 59 mm, and had a mass of 490 g. The resolution was 0.8 μm at the tip of the arm. The tangentially applied force described in Section 2.1 was measured experimentally using a load cell (ZP-50 N, Imazu). The measured value was 2.3 N, which was the same as the force calculated based on the torque specified in the manufacturerʼs data sheet and the arm length.
The experimental setup used with this device is shown in Fig. 4a . The test piece was placed on the Z axis stage, and the arm was positioned above it. An LED sensor (resolution : 20 μm, LH-512, Panasonic Industrial Devices SUNX Co., Ltd.) was used to measure the distances to the top of the test piece and to the arm. The arm was brought into contact with the test piece by adjusting the Z axis stage according to the measured air gap. The stepper motor was driven by a function generator.
Bevel-geared gripper
This device consisted of a stepper motor (maximum torque : 23 N mm, CFK513PBP2, Oriental Motor Co., Ltd.), a bevel-geared jaw (length : 20 mm), and a rotary encoder. The device measured 150 mm × 56 mm × 60 mm, and had a mass of 425 g. The resolution was 1 μm at the tip of the arm. The tangentially applied force measured using a load cell was 1.2 N, and was the same as that calculated based on the manufacturerʼ s data sheet and the arm length. Figure 4b shows the experimental setup for this device. It consisted of a capacitance sensor on the jaw to detect contact with an organ, an encoder as an input device, and a controller to drive the gripper. The stepper motor was feed-forward controlled by the input encoder. The angular displacement of the motor was measured using the encoder mounted on the motor. An organ was placed in the jaw of the gripper, which was then closed until contact with the upper part of the jaw was visually verified by the operator. Then the gripper was driven.
Long linkage-type forceps
This device consisted of a stepper motor (maximum torque : 240 N mm, CRK544PMBP2, Oriental Motor Co., Ltd.), a linkage jaw (length : 20 mm), and a rotary encoder. The long axis part measured 10 mm in diameter and 300 mm in length. The handle measured 480 mm × 70 mm × 180 mm, with a mass of 1100 g. The resolution was 1 μm at the tip of the arm. The tangentially applied force calculated based on the torque specified in the manufacturerʼs data sheet and the arm length was 12 N. However, due to mechanical friction, the transmission efficiency was about 10％. The tangentially applied force measured using a load cell was 1.1 N. Figure 4c shows the experimental setup for this device. It consisted of a pressure sensor (maximum negative pressure : 101 kPa, E8F2-AN0C, OMRON) and a suction pump (maximum negative pressure : 33 kPa, flow rate : 2.5 L/minute) connected by an air tube to the jaw to detect contact with an organ, and an input encoder and a controller to drive the gripper. The gripper was brought into contact with the organ until the air hole on the jaw was covered, detected by measuring the change in pressure. The detecting system has a small effect on the aeroperitoneum because the flow rate of the pump is smaller the rate of the surgical suction apparatus. The stepper motor was feed-forward controlled by the input encoder. The angular displacement of the motor was measured using the encoder mounted on the motor. An organ was placed in the jaw of the gripper, which was then closed until the organ was in contact with the upper part of the jaw, visually verified by the operator. Then the gripper was driven. The air tube had an outer diameter of 2 mm and inner diameter of 1 mm. The suction force on the jaw was approximately 0.024 N. For sterilization, the mechanical linkage part was autoclavable, and the air tube was disposable.
Measured objects 2.3.1 Directly driven bar
The objects measured in this experiment were seven silicone rubber test pieces with hardness values of 5, 10, 20, 30, 40, 50, and 60, each of which had a different Youngʼs modulus. Each test piece was cut to a diameter of 8 mm and a thickness of 3 mm using a sampler.
Bevel-geared gripper
In this experiment, six organs collected from a dog within the previous 12 hours were measured in vitro. The organs were the liver, stomach, small intestine, colon, urinary bladder, and greater omentum. The small intestine and colon were emptied of contents. The organs were placed in a misting humidifier. The environment was maintained at a temperature of 25 to 30°C and humidity of 70 to 80％.
Long linkage-type forceps
In this experiment, organs of a cow were measured in vitro, and organs of a pig were measured in vivo. The bovine organs measured in vitro were the rumen (1st stomach), abomasum (4th stomach), liver, and colon. The environmental conditions were the same as in Section 2.3.2. The porcine organs measured in vivo were the liver, stomach, colon, spleen, and cholecyst.
Experimental methods
To evaluate the Em or Km obtained from the measurement model, the model was applied to experimental measurements conducted on real objects. In vivo experiments were approved by the ethics committee of Kagawa University. The experimental methods are described below.
i) The arm was brought into contact with the object as detected by the sensor.
ii) The motor was driven at maximum torque. The encoder provided the rotational angle. The tangential speed at the tip of the arm for the directly driven bar was 3 mm/s at a motor frequency of 4 kHz. For the bevelgeared gripper and the long linkage-type forceps, the tangential speed at the tip of the arm was 5 mm/s at a motor frequency of 5 kHz. The setups for the in vitro and in vivo experiments are shown in Fig. 5 .
iii) The model-based elasticity Em or Km were then determined from Eqs. 3 or 4. iv) The Em and Km values determined using the prototype devices were compared with the true compressive stress vs. strain and force vs. displacement curves measured using a material testing machine (resolution : 0.08 N, EZ-Test, Shimadzu Corp.) under precompression, except for the in vivo experiment. The true Youngʼs modulus (Et) or spring constant (Kt) were calculated as the tangential stiffness. The environmental conditions were the same as for the prototype device. The applied speed of the cross-head was 0.1 mm/s for silicone rubber test pieces. For in vitro and in vivo measurements, the speeds were the same as for the prototype device.
v) The above steps were repeated five times for in vitro and in vivo measurements of organs. The mean and standard deviation (SD) were then calculated. The relationship between Et and Em or Kt and Km was estimated by the linear least squares method.
Results
The results are shown in Fig. 6 through Fig. 9. Figure 6 shows the results of elasticity measurements for silicone rubber test pieces. A strong correlation was found between the values determined using the material testing machine and the prototype device, and the relationship could be expressed as :
Em=0.73 Et.
( 5 ) The coefficient of correlation (R 2 ) was 0.91. As shown in Fig. 7 , a good correlation was also found for the organs measured in vitro, with the following relationship :
Km=0.91 Kt.
( 6 ) The R 2 value was 0.87. For the bovine organs measured in vitro, a weak correlation was found between the elasticity values determined using the material testing machine and the prototype device with long linkage-type forceps, as shown in Fig. 8 . However, differences between organs were identifiable. As shown in Fig. 9 , similar results were obtained for organs of a pig measured in vivo.
Discussion
The large standard deviation in Km for the bevel-geared gripper indicated by the error bars in Fig. 7 was due to slipping of the gripper on the surface of the organ. The high standard deviation in both Kt and Km for the forceps, as shown in Fig. 8 , was the result of the surface roughness of the organ and mechanical friction.
The in vivo elasticity of hollow viscera such as the colon was less than the in vitro elasticity, because in the former case, the organ was expanded by air or was full of contents. In addition, the bowel wall of the colon was thin. An organ may have inhomogeneous elasticity and viscosity depending on its structure, even within the same organ. In general, good agreement was found between the results obtained from the prototype devices and those measured by the material testing machine. These results confirm that the proposed model is sufficient for determining differences in elasticity of objects. This leads to the possibility of using a stepper motor-based device instead of a force sensor for measuring organ properties during endoscopic surgery.
To apply this approach to hard organs, a conversion mechanism is needed to change between gripping and sensing modes. In addition, the device should allow setting of the grasping force based on the sensed characteristics. Furthermore, a low friction mechanism is needed for the long linkage-type forceps. For clinical use, it is important to sense and display the elasticity of an organ automatically.
We have developed a made-to-order surgical support manipulator that is capable of sensing the mechanical characteristics of internal organs, and which can be customized based on the maximum grasping force applied to the patient. To achieve simple operation, feed-forward control can be used to change the device that detects stepout from the encoder to the model using a reference currentz12, 13|.
To determine the true spring constant of an organ, its viscoelasticity needs to be calculated based on a dynamic model such as the Maxwell model or the Kelvin-Voigt modelz14|. Being able to measure the properties of organs may lead to the development of a surgical simulator and training system. Advanced Biomedical Engineering. Vol. 3, 2014.
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Fig. 5
Experiments using 2 prototype devices : ( a ) organs in vitro using the bevel-geared gripper, ( b ) organs in vitro using the long linkage-type forceps, ( c ) organs in vivo using the long linkage-type forceps.
Fig. 6
Least squares fit of the relation between Youngʼ s modulus measured by the material testing machine (Et) and that obtained from the prototype with a directly driven bar (Em) for seven silicone rubber test pieces.
Conclusion
We developed a new elasticity sensing method based on the step-out phenomenon of a stepper motor and a material strength model. Prototype devices were constructed and tested on silicone rubber test pieces, and on organs both in vitro and in vivo. Based on the experimental results, we conclude that the proposed method is highly promising for the development of a simple surgical support manipulator that can sense the mechanical characteristics of internal organs during endoscopic surgery.
Fig. 7
Least squares fit for spring constant measured by the material testing machine (Kt) and that obtained from the prototype with a bevel-geared gripper (Km) for six fresh organs of a dog measured in vitro.
Fig. 8
Comparison of spring constant measured by the material testing machine (Kt) and the prototype with long linkage-type forceps (Km) for four organs of a cow measured in vitro.
Fig. 9
Spring constants measured by the prototype with long linkage-type forceps (Km) for five organs of a pig measured in vivo. 
